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ABSTRACT
Condensation of C0p in a supersonic nozzle is investigated. Descrip-
tions of test apparatus and nozzle are presented along with data and plotted
pressure profiles for both condensing and non- condensing C0~. Limited com-
parison of theoretical and experimental methods is inconclusive, but suggests
that the homogeneous nucleation theory is valid for the condensation of CO .
Limited results of density measurements by means of the interferonoter are
presented and the difficulties encountered in employing this instrument are
discussed. Finally, recommendations for resolving these difficulties and
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Nozzle Cross- sectional Area
Nozzle Throat Area
Nozzle Height, inches
Specific Heat at Constant Pressure BTU/lbm °F
Gladstone-Dale Constant - .3673 x 10 " for CO
Heat of Vaporization BTU/lbm
Nucleation Rate - nuclei/ft sec.
Ratio of Specific Heats, C /C
Boltzmann Constant
Nozzle width (Distance between plates, .956")
Wave Length of Interferometer Light Source, 546la°
Mach Number
Mass Fraction of Moisture Present in Vapor
Index of Refraction, C /C
' o'
Static Pressure, as noted
Stagnation Pressure















Despite extensive theoretical work in the field of homogeneous
nucleation and condensation, there exists considerable divergence in the
predicted nucleation and condensation rates of many authors. Many so-called
"corrections" to the theory have "been contributed in recent years, which
have only served to further cloud an already involved theoretical picture of
the homogeneous nucleation and condensation process. The problem will
remain unresolved until the meager amount of existing experimental data in
the field is supplemented by further work involving a variety of gases
extensive enough to thoroughly test the theory and determine exactly what
the important parameters and their influences are.
20
Volmer and Flood first did extensive cloud chamber experimentation
on a variety of vapors, effectively determining the "critical" supersatura-
tion ratios of these gases, beyond which condensation occurred extremely
rapidly. This data has been considerably overworked in attempts to extrapo-
late other data, such as condensation rates, etc., from it. Later, Binnie
and Green and others measured condensation of steam in supersonic nozzles,
and some limited data on nitrogen has been presented by Willmarth and
23 7 21Nagamatsu, and Faro, Small and Hill. More recently, Wegener has been
doing extensive experimentation with humidified air in supersonic nozzles
1 20 2k-
and has concluded that predicted nucleation rates of various authors ' '
are incorrect.
The work presented here was undertaken to attempt to help resolve the
problem described above by study of condensation in additional, as yet
untested, vapors. The problem is particularly pertinent regarding flow in
nozzles, since recent proposed work on space power plants has involved
turbines using such vapors as sodium, potassium and rubidium, or other vapors




In the experimental investigation of homogeneous nucleation and con-
densation, the use of a sudden expansion by means of a supersonic nozzle
recommends itself for several reasons, though numerous other methods of
producing condensation exist. As compared to other methods of expansion, a
supersonic nozzle allows a maximum relaxation rate in the simplest possible
manner. This is necessary in order to produce super saturation to a maximum
degree and to provide a proper basis on which to test nucleation theory.
A nozzle expansion further allows convenient quantitative measure-
ment of the gas properties at all stages of the expansion, including the
stagnation conditions. In the region of condensation, measurement of the
gas properties also provides a means of determining the rates and amounts
of condensation at each point. This study employed the use of static
pressure measurements, which have been shown by Binnie and Green and others
previously mentioned to be a sensitive indicator of the heat released by
condensation. Measurement of gas density through the use of the interfero-
meter was also employed here in an effort to quantitatively study condensa-
tion in nozzles.
II. DESCRIPTION OF APPARATUS AND TEST PROCEDURES
The schematic arrangement of the test apparatus is shown in Fig. 1.
A manifold connected nine 50 lb. C0_ cylinders and led to a needle valve
which was used as a regulator of gas flow to the stagnation tank and nozzle.
Nozzle exhaust was to atmosphere.
The stagnation tank was fitted with a removable end plate which
allowed placing a large filter bag containing activated granules of charcoal
between layers of fiber glass into the stagnation tank. This filter was
intended to limit the passage of foreign particules into the nozzle and

































































temperature in the tank during testing. This filter was not used in any-
test s involving condensation included in this paper, since it was felt
unnecessary in a straight blowdown of industrial CO , and it was desired to
reduce the stagnation temperature as rapidly as possible in cases of con-
densation in order to conserve CO .
Temperature in the stagnation tank was measured with a copper- con-
stantan thermocouple having a time constant of .6 sec ±10$ in air of
velocities comparable to those occurring in the stagnation tank. The stagna-
tion temperature transient had a time constant which ranged from a minimum
of 10 seconds to JO seconds and more, depending on the mass flow rate.
All data involving visible or evident condensation was taken after the
temperature levels had become minimized, or nearly so, in order to minimize
the degree of superheat in gas entering the nozzle, and hence was not
influenced by transient effects. In non- condensing flow, the transient
effects have undoubtedly caused some small error in temperature measure-
ment. But as is shown in Fig. 8, temperature level had little discernible
effect on the non- condensing pressure profile.
A detail arrangement of the nozzle is shown in Fig. 3* The large
width to throat ratio served to minimize the boundary layer effects of the
sides and hence to obtain a system of flow reasonably 2- dimensional.
The sides of the nozzle were designed to allow simple installation
and removal of optical glass on each side, to be used for purposes of
interferometric studies, which are further discussed later. A metal pressure
plate was made identical in shape to one side of glass with pressure taps
located along the nozzle plane of symmetry, and could be substituted for the
glass for the purpose of gathering pressure profile data. Rubber "0-rings"





Distance between plates .956" (t'ooi")
x(±.005) b X b X b X b X b
1.0 l.Tl .101 1.3*25 .055 2.07 .074 3.11 .225
.63 • 550 1.15 .090 1.350 .054 2.15 .078 3.23 .250
.84 .300 1.165 .086 1.4001. 015 .05311.0001 2.21 .086 3.51 .300
.89 .250 1.190 .078 1.500 .054 2.27 .090 3.86 .358
.92 .225 1.200 .074 1.570 .055 2.38 .101 4.27 .404
.95 .200 1.220 .069 1.620 .056 2.46 .110 4.67 .428
.97 .175 1.235 .066 1.670 .057 2.52 .120 5.20 .432
1.01 .150 1.250 .063 1.735 .060 2.63 • 135 on 11
1.04 .135 1.270 .060 1.820 .O63 2.71 .150
1.0? .120 1.290 .057 1.920 .066 2.84 .175
1.09 .110 1.305 .056 1.990 .069 2.98 .200
FIG. 3 ASSEMBLY PLAN AND OFFSETS OF TEST NOZZLE
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Pressure taps were connected to a 25 tube mercury manometer board 100"
in height. This facilitated measuring pressures to this level directly by
manometer, accurate to .1" of mercury. Later, when it was discovered that
pressure ratios upstream of and including the throat remained very nearly
constant under all conditions, it was possible to disconnect taps upstream
of the nozzle throat and extrapolate the throat pressure to obtain stagna-
tion pressure. This permitted stagnation pressures of nearly 200 "Hg. A
pressure gauge, accurate to 1.0 psia mounted on the stagnation tank served
as a secondary, though less accurate, means of determining stagnation
pressures at high pressure. Tests run ranged from k6 psia (93 "3 "Hg. abs)
to 112.7 psia (229 "Hg. absolute) stagnation pressure.
Data was taken by photographing the entire manometer board after
steady readings of the manometers were obtained and simultaneously record-
ing the thermocouple temperature reading. The commencement of visual con-
densation (the ice cloud. Fig. k) was in most cases also measured with
respect to the pressure tap holes visible through the glass.
Pressure tap holes were .016" in diameter placed .2" apart. Later,
when it was discovered that more information in the vicinity of condensa-
tion would be helpful, four additional taps were added, one just upstream of
the throat and three equally spaced between those already existing just down-
stream of the throat. These additional tap readings are included in
pressure curves 3 and k.
Photos were taken with Polaroid camera, thus expediting the processing
of data. The photo for curve 1 and its accompanying data reduction table is
















FIG 5 NOZZLE WITH PRESSURE PLATE




Curve 1 T = -50.6°F
o
P =97*5 psig ±1 psi
Barometric Pressure = 30.02"Hg,
Tube Station Left Right Total P("Hg) P/Po p/p*
Number Number Side Side
5 8 (*) k6.1 1*6.1 92.2 122.2 .535
1
1.0
6 9 32.5 32.9 6$.k 95-4 .1+17 .780
7 10 26.5 28.9 55-1* 85.4 .37^ .699
8 11 16.9 16.6 33.5 63.5 .278 .519
9 12 8.7 8.6 17.3 47.3 .207 .388
10 13 1.9 1.9 3.8 33.8 .11*7 .276
11 Ik -3-7 -3.7
-l.k 22.6 .0989 .185
12 15 -6.k -6.6 -13.0 17.0 .0741* .139
13 16 -8.5 -8.5 -17.0 13.0 .0569 .106
Ik 17 -9-5 -9.7 -19.2 10.8 .01*73 .0881*
15 18 -9.8 -10.2 -20.0 10.0 .01*38 .0818
16 19 -10.3 -10. k -20.7 9-3 .oi+07 .0761
17 20 -10.5 -10.6 -21.1 8.9 .0389 .0728
18 21 -10.5 -11.2 -21.7 8.3 .0363 .0678
19 22 -11.0 -11.1 -22.1 7-9 .03^6 .0646
20 23 -11.3 -11.1 -22.4 7.6 .0332 .0621




III. RESULTS OF PRESSURE MEASUREMENTS
Graphical illustrations of results obtained through pressure measure-
ments are seen in Fig. 7( a ) an<i 7(^)« Eight curves are shown, seven
involving condensation, and the eighth without condensation. The non-condens-
ing curve is basically invariant with stagnation conditions until just prior
to the compression shock, where flow becomes sub- sonic, as seen in Fig. 8.
This invariancy can also be seen in the fact that a single line is common
to all curves in Fig. 7 prior to condensation. Consequently, the non-
condensing curve is treated as an isentropic curve based on "effective area",
which is the actual area of the nozzle at any point less the effect of
boundary layer displacement. No attempts to quantitatively correlate the
"effective areas" resulting from non-condensing flow and those resulting
from boundary layer theory are included here.
The influence of upstream conditions on the location of the condensation
"shocks" is quite apparent. As one would expect, the zone of condensation
moves upstream as the degree of superheat of the stagnation condition decreases,
The maximum degree of stagnation superheat which produced significant condensa-
tion in the tests presented here was about 3°°F « (Curve 7, Fig. 7, Curve 9j
Fig. 8.) The second important effect is noted in the increased departure
from the non- condensing pressure profile caused as the region of condensation
approaches the throat. This is exactly what one would expect from theoretical
considerations of heat addition. For the addition of heat to an ideal gas in
' a constant area duct:
dP -kM o
The factor (l - M ) in the denominator of the right side causes a marked
increase in dP/P for a given increment of heat addition, dT , as M approaches
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condensation region causes progressively higher pressure "humps" in the
pressure profile.
A computer program combining the theoretical treatments of Frenkel for
nucleation rate, Stodola and Oswatitsch for drop growth and the gas dynamic
equations has been written and is in the initial stages of testing. Presenta-
tion of the pertinent equations occurs in Appendix B.
At the time of this writing the program successfully produces a pre-
dicted pressure profile for condensing gases which do not reach such a stage
of supersaturation that moisture forms upstream of the throat, and which
allow a commencement of computation at M>1.00. Hence, a pressure profile
for the stagnation conditions existing for Curve 7> Fig. 7a has been obtained,
and is shown in Fig. 7c. Unfortunately, another yet to be corrected feature
of the program is its ability to consider the expansion of vapors in a
variety of nozzles and the nozzle presently incorporated in the program is
not the same as the test nozzle. Consequently, though the theory has con-
densation occurring at nearly the same area ratio (A/A*) at which it occurs
in the test nozzle, the rates of expansion of the two are entirely different.
In the region of condensation the test nozzle is expanding at about "J.l times
the rate occurring in the theoretical nozzle, qualitatively explaining the lag
observed in the pressure rise of the test nozzle in Fig. 7c, due to the delay
in drop growth following nucleation. However, since in fact it is the area
ratio (A/A*) which is critical in determining supersaturation ratio and
8 9
nucleation rate " the initial theoretical result may at least be termed
encouraging.
Present intentions are to pursue all lines of this investigation and to
test the predictions of theory quite comprehensively, determining the
influence of the many variables involved in predicted results and their
comparison with test results.
I1
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IV • INTERFEROMETER INVESTIGATIONS
General Description of the Interferometer: Extensive discussions of
the theory behind interferometry techniques are numerous. References (6)
and (ll) are included for the reader who may desire additional detail.
Basically, an interferometer consists of a monochromatic source of
light which is focused into a beam of nearly parallel rays. The beam is
then split into two beams traveling separate paths of identical distance
after which the beams are rejoined and focused on a viewing, or photographic
plate. An interference pattern of parallel light and dark bands, as seen in
Fig. 9a is formed when the two beams are rejoined due to the fact that the
various rays of each beam each travel slightly different distances depending
on the geometry of the mirror arrangement.
One beam is passed perpendicularly through the test section. To com-
pensate for the change in optical path length caused by the glass side walls,
"compensating" glasses of exactly the same thinkness, must be placed in the
path of the other beam. During testing, the only change which occurs is the
density of the vapor in the test section which influences the velocity of
light passing through it according to the relation, for 2- dimensional flow:
S X
-f = \ " n2
Where n is the index of refraction of the gas in the test section, I is the
width of test section through which light passes, * is the wave length of
light being used, and S is the number of fringe shifts which occur at the
point in question due to a change in the index from n to n .
The index of refraction is related to the density by the relationship
Gp = n - 1
where G is the Gladstone-Dale constant, fixed for any gas.

-8-
The technique used in this investigation was to first photograph the
interference fringe pattern for no flow and then take another photograph
under test conditions. The fringes of each were then numbered from a common
point which effectively represented stagnation conditions. For each distance
x it was then a simple, though time consuming, matter to determine the fringe
shift S and thence to calculate the density ratio. Photos used in calculat-
ing the interferometer curve in Fig. 11 are shown together with a graphical
illustration of the determination of S in Fig. 9a, 9c and 10, respectively.
The scaling plate visible in Fig. 9b is 1.00 inches in length. The calcula-
tion table is shown in Appendix C.
Several problems have been encountered in applying the interferometer
in this investigation. First, the data reduction is a time consuming
process. The author has devised several steps which aid somewhat in measur-
ing fringe locations and in arranging and processing the data, and the com-
putations are easily amenable to a simple computer program. However the time
required for development of negatives and prints, plus measurement of fringes
does not appear readily reducible.
Second, turbulence in flow entering the nozzle increases as stagnation
pressure and flow rate are increased causing the fringes upstream of the
throat to become increasingly wavy and blurry until, at higher pressure they
completely fade out. The acceleration of the gas and its resulting tendency
to cause uniform flow results in the return to view of clear interference
fringes from the vicinity of the throat downstream. The author succeeded in
raising the limiting stagnation pressure at which blurring occurred from 50
to 70 P sig by fabricating a streamlined cowling for introduction of the flow
from the stagnation tank to the nozzle. But above this point, which is the
most interesting region of investigation for CO , upstream fringes again
became blurred.- This detrimental effect, in addition to that of the

(a) no flow
(b) scaling plate (1.00)
(c) flow {Po= 69pslg ±lpsi To=-9.5°F}
















FIG 10 GRAPHICAL REPRESENTATION OF
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-9-
inexperienced developing hand of the author, is clearly visible in Fig. 9c,
taken at 69 psig, about the maximum pressure where upstream fringes remain
visible.
Of course, if upstream conditions can be assumed, it is possible at
high pressures to extrapolate to a point where the fringes come into view
and then proceed as before, but clearly this would limit the desirability of
the technique to some extent.
The third problem encountered is evident in Fig. 11 where the pressure
profile (converted isentropically from the density ratios) from the interfero-
meter is compared with that of the pressure taps for the non- condensing case.
It is seen that the curve obtained from density measurements is lower at all
points than that obtained by direct pressure measurements. At least one
qualitative explanation of this is readily seen. First, temperatures up-
stream in the vicinity of 0°F and below result in temperatures in the super-
sonic section of between -150°F and -500°F. Thus, despite the relatively
thin boundary layer, high velocities and heat transfer coefficients next to
the wall cause temperatures and hence, densities to be considerably higher
than in the main stream, though the pressures are the same. The net effect
is a greater fringe shift than would occur at main stream density.
This effect of greater fringe shift can be seen in the boundary layer
adjoining the top and bottom nozzle wall in Fig. 9c, and may provide an
accurate means of supplying a correction to the first results by presenting
information both on the boundary layer thickness and the fringe shift which
takes place in this region.
V. CONCLUSIONS
Test results indicate a definite region of suner saturation of CO prior
to its condensation during expansion. In Curve 1, using assumed isentropic

-10-
temperatures based on measured pressure ratio, the supersaturation ratio
(P/P ) obtains an estimated value of 9*1^, prior to condensation occurring.
In this expression P is the pressure at which a flat surfaced liquid
would remain at equilibrium with its vapor, at the temperature of the
environment
.
In Curve 3> "the supersaturation ratio reaches a value of 10. 5 prior to
condensation and in Curves k } 5 and 7 values of 11.6, 1J5.4 and l6.8,
respectively. Calculations of these figures are in Appendix D.
The fact that supersaturation ratios steadily increase prior to the
occurence of rapid condensation tends to support the predictions of
nucleation theory that, for CO , the lines of constant nucleation rate
diverge with decreasing pressure and temperatures and that nucleation rates
have a critical value of P/P beyond which they rise astronomically, creating
8 9 21
a narrow zone where the large portion of condensation occurs. * * The
nucleation rates predicted by equation a(l) in Appendix B are shown in
Fig. 12, and indicate that a greater supersaturation is required at lower
temperatures to obtain a given nucleation rate.
However, in the absence of more complete testing of the combination of
nucleation, drop growth, and gas dynamic theory, little more can be said at
present.
It is further concluded that the interferometer does not lend itself to
the convenient procurement of accurate density and pressure profiles in this
particular nozzle under these extreme temperature conditions. The degree of
accuracy in profiles obtained, however, in the absence of any corrective pro-
cedures, provides a reasonable hope that simple correction procedures can be
applied to increase the interferometer's accuracy and usefulness for this study.
The fact that interference fringes in the interferometer photos remain
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reached, and the observation that the "boundary layer is small supports the
assumption that the flow is not merely 2- dimensional, but is effectively
1- dimensional between boundary layers and justifies the use of 1- dimensional
gas dynamic relations in application of the theory.
Pressure tap measurements provide a simple and sensitive means of
detecting condensation in nozzles provided that the properties of the gas
are such that heat released by condensation is sufficient. The critical
parameter involved here is h-Yc , the ratio of latent heat of vaporization
to the specific heat at constant pressure, a table of which is provided in
Appendix F for numerous gases at room temperature. C0? was selected for
this experimentation for its relatively higher value of h„ /C , but the
marked pressure variations recorded would suggest that similar experimenta-
tion would be useful with other gases having lesser values,
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jL positions of pressure taps
All locations +.005"









































II. DATA FOR ILLUSTRATED PRESSURE CURVES
-A2-
Curve 1 T = -50.6°Fo
P = 97*5 psig -1 psi
o























































































































































Curve 2 T = A8. 2°F
o
P = 98.O psig ll psi
Barometric Pressure = 30.02"Hg.
A3-
Tube Station Left Right Total P("Hg) P/Po p/p*
Number Number Side Side
' v\
5 8 (*) 1+6.3 1+6.1+ 92.7 122.7 • 535 1 1.0
6 9 32.1 32.1+ 61+.
5
9^.5 .1+11 .770
7 10 25A 27.7 53.1 83.1 .362 .677
8 11 17.1 16.7 33-8 63.8 . 278 .520
9 12 9.0 9.0 18.0 1+8.0 .209 • 391
10 13 2.0 2.0 1+.0 3I+.0 .ll+8 .277
11 ik -3.6 -3.6 -7.2 22.8 .0995 .186
12 15 -6.k -6.6 -13.0 17.O .071+1 .1385
13 16 -8.5 -8.5 -17.0 13.O .0567 .106
lit 17 -9.5 -9.7 -19.2 10.8 .01+71 .088
15 18 -9.9 -10.2 -20.1 9-9 .01+31 .0806
16 19 -10.3 -10.3 -20.6 9A .01+09 .0765
17 20 -10.1+ -10.5 -20.9 9.1 .0396 .07I+O
18 21 -10.3 -11.0 -21.3 8.7 .0378 .0708
19 22 -10.8 -10.9 -21.7 8.3 .0361 .0675
20 23 -11.2 -11.0 -22.2 7.8 .031+0 .0635
21 2k -11.4 -11.6 -23.0 7.0 .0310 .0570






P = 228. 5 "Hg (calculated)
Barometric Pressure = 30.04"Hg.
Tube Station Left Right Total PC'Hg) P/Pn p/p*
Number Number Side Side
k 8 (*) 46.5 45.8 92.3 122.3 .535 1 1.0
5 8 1/2 38.5 38.5 77-0 107.0 .1+67 .874
6 9 31-5 32.0 63.5 93.5 .1+09 .764
7 9 3/2 26.6 29-0 55.6 85.6 .37^ .699
8 10 26.0 25-5 51.5 81.5 .356 .665
9 io V2 22.0 22.1 44.1 7^.1 .322 .605
10 11 16.6 16.5 33.1 63.I .275 .515
11 12 8.5 8.5 17.0 U7.O .^06 .384
12 13 1.5 1.5 3.0 33.0 .11* .269
13 14 -3.9 -4.0 -7-9 22.1 .0963 .180
14 15 -6.6 -6.7 -13.3 16.7 .0730 .1364
15 16 -8.5 -8.7 -17.2 12.8 .0559 .1045
16 17 -9-5 -9.7 -19.2 10.8 .0471 .0880




Curve 4 T -45.0°F
o
P = 221. 5 "Hg (calculated)
Barometric Pressure = 30.04"Hg.
Tube Station Left Right Total P("Hg) P/Po :p/p*




49.8 49.2 99-0 129.0 • 583
n
k 45.1 43.3 88.4 118.4 • 5351 1.00
5 8 1/2 37-4 37.3 74.7 104.7 .473 .884
6 9 30.2 30.6 60.8 90.8 .410 .766
7 9 1/2 24.5 26.7 51.2 81.2 .367 .685
8 10 23.4 23.0 46.4 76.4 .345 .644
9 10 ]/2 19.4 19.4 38.8 68.8 .311 .588
10 11 15.4 15.2 30.6 60.6 .274 .511
11 12 8.2 8.1 16.3 46.3 .2095 .390
12 13 1.5 1.4 2.9 32.9 .149 .278
13 14 -3.9 -4.0 -7.9 22.1 .100 .186
14 15 -6.5 -6.7 -13.2 16.8 .076 .142
15 16 -8.5 -8.8 -17.3 12.7 .0574 .107
16 17 -9.7 -9.8 -19.5 10.5 .0474 .0885
17 18 -10.2 -10.4 -20.6 9.4 .0424 .0793
18 19 -10.0 -10.7 -20.7 9.3 .0420
19 20 -10.6 -10.6 -21.2 8.8 .0398
20 21 -10.9 -10.8 -21.7 8.3 .0375
21 22 -11.0 -11.2 -22.2 7.8 .0352
22 23 -11.0 -11.2 -22.2 7.8 .0352




Curve 5 T = -1+5°F +2
o
P = 90 psig llpsi
Barometric Pressure = 29.97"Hg.
Tube Station Left Right Total PC'Hg) p/Po p/p*
Number Number Side Side
5 8 (*) 41.2 41.2 82.4 112.4 • 5351 1.0
6 9 27.8 28.2 56.0 86.0 .409 .765
7 10 19.1 20.9 40.0 70.0 • 333 .622
8 11 13.3 13.0 26.3 56.3 .268 .501
9 12 7.0 6.9 13.9 43.9 .2085 .390
10 15 0.9 0.9 1.8 31.8 .151 .282
11 14 -4.2 -4.3 -8.5 21.5 .102 .191
12 15 -6.6 -6.8 -13.4 16.6 .0778 .1453
13 16 -8.7 -8.7 -17.4 12.6 .0599 .1120
14 17 -9.7 -9.9 -19.6 10.4 .0495 .0925
15 18 -10.1 -10.4 -20.5 9.5 .0452 .0844
16 19 -10.5 -10.6 -21.1 8.9 .0424 .0793
17 20 -10,6 -10.8 -21.4 8.6 .0409 .0765
18 21 -10.4 -11.2 -21.6 8.4 .o4oo .0748




Curve 6 T = -45°F ±2°F
o
P = 83 psig tl psi
Barometric Pressure = 29.97"Hg.
Tube Station Left Right Total P("Hg) p/Po p/p*
Number Number Side Side
5 8 (*) 37.9 37.9 75.8 105.8 .5351 1.0
6 9 25.2 25.6 50.8 80.8 .408 .764
7 10 I6.7 18.4 35.1 65.I .329 .615
8 11 11.4 11.1 22.5 52.5 .266 .497
9 12 5-4 5.2 10.6 40.6 .2055 .384
10 13 -0.3 -0.3 -0.6 29.4 .149 .279
11 l4 -5.0 -5.1 -10.1 19.9 .101 .189
12 15 -7.2 -7.4 -14.6 15.4 .0778 .1453
13 16 -9.0 -9.1 -18.1 11.9 .0602 .1125
14 17 -10.0 -10.1 -20.1 9.9 .0501 .0936
15 18 -10.2 -10.5 -20.7 9.3 .0470 .0878
16 19 -10.5 -10.6 -21.1 8.9 .0450 .0841
17 20 -10.5 -10.7 -21.2 8.8 .0445 .0832
18 21 -10.0 -10.7 -20.7 9.3 .0470 .0878




Curve 7 T = -35°F +5°Fo '
P - 152.7"Hg. (calculated)
Barometric Pressure = 30.2"Hg.
Tube Station Left Right Tota
Number Number Side Side
5 8 (*) 25-7 25.7 51.4
6 9 16.0 16.4 32.4
7 10 9.7 10.8 20.5
8 11 3A 3^ 6.8
9 12 -0.7 -0.7 -1.4
10 13 -k.l -4.5 -9.2
11 14 -8.2 -8.2 -16.4
12 15 -9.7 -9.8 -19.5
13 16 -10.9 -10.9 -21.8
l4 17 -9.7 -9.7 -19.4
15 18 -8.9 -9.1 -18.0
16 19 -9.0 -9.0 -18.0
17 20 -8.3 -8.3 -16.6
18 21 -6.0 -6.k -12.4
19 22 -k.l -4.2 -8.5
20 23 -3.0 -2.9 -5-9
21 24 -2.9 -2.8 -5.7
22 25 -3.6 -3.7 -7-3
23 26 -3.9 -4.0 -7.9
24 27 -3A -3.^ -6.8
P("Hg) P/P P/P^
81.6 • 5351 1.0
62.6 .4io .767





















Curve 8 T = +48.4°F
o
P = 6l psig tl psi
o
Barometric Pressure = 30«0^"Hg.
Tube Station Left Right Tota
Number Number Side Side
5 8 (*) 25.8 25.8 51.6
6 9 16.1 16.3 32.1+
7 10 9.5 10.5 20.0
8 11 3.2 3.1 6.3
9 12 -2.2 -2.2 -k.k
10 13 -5.7 -5.6 -11.3
11 Ik -8.0 -8.1 -16.1
12 15 -9.k -9.5 -18.9
13 16 -10.5 -10.5 -21.0
Ik 17 -9.k -9.5 -18.9
15 18 -8.9 -9.1 -18.0





























Barometric Pressure = ^>O.Ok"Eg.
Tube Station Left Right Total P("Hg) P/Po
Number Number Side Side '
1 1 43.3 44.2 87.5 117.5 1.0
2 7 28.6 28.2 56.8 86.8 • 738
3 7 V2
8 (*)
19.5 19.0 38.5 68.5 • 583
4 17.1 16.6 33.7 63-7 .5^2
5 8 3/2 12.7 12-7 25.4 55.4 .471
6 9 9.2 9.4 16.6 48.6 .413
7 9 V2 6.2 6.8 13.0 43.0 .366
8 10 4.2 4.0 8.2 38.2 .325
9 10 ]/2 1.5 1.5 3.0 33.0 .281
10 11 -•7 -•7 -1.4 28.6 .243
11 12
-3-7 -3.8 -7.5 22.5 .191
12 13 -6.2 -6.5 -12.7 17.3 .147
13 14 -8.6 -8.7 -17.3 12.7 .108
14 15 -9.2 -9.^ -18.6 11.4 .097
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Baxometric Pressure = 30.04"Hg.
Tube Station Left Right Tota
Number Number Side Side
1 1 31.3 32.0 63.3
2 7 19.4 19.2 38.6
3 7 V2 12.1 H.7 23.8
4 8 (*) 9-9 9.6 19.5
5 8 i/2 6.5 6.5 13.0
6 9 4.0 4.0 8.0
7 9 V2 1.6 2.0 3.6
8 10 .1 .1 .2
9 io V2 -1.7 -1.8 -3.5
10 11 -3.7 -3.7 -7.4
11 12 -5.1 -5.2 -10.3
















APPENDIX B . BASIC NUCLEATION, DROP GROWTH AND GAS DYNAMICS EQUATIONS
Following are the theoretical equations being used in the effort to
determine the predictions of theory referred to in the text. The drop
19growth equations are developed along the lines used "by Stodola and
16
Oswatitsch, which considers incident and evaporating molecules, plus drop
temperature and the necessary mass and energy equations. The only change
in development has "been to employ 2RT as the expression for average energy
per unit mass of flux to and from the drop surface, rather than 3KT/2,




equation is that of Frenkel and does not include any of the
modifying features which more recent authors have suggested,
a) Nucleation Rate:
-P s2 m /2a _ t -knoT
*2
where r* is the Kelvin-Helmhotz critical radius, at which a liquid
drop is in equilibrium with its vapor.
b) Drop Growth:
P - T







D ] [1 " — 6XP {pRT^ (T^ ] " F " X
j /-.-^ RT^ - RT




Equation (l) is used to determine drop temperature, T
,
and (2) to
determine drop growth rate.
c) Gas Dynamics Equations:
!) *E - P .
l^L [fh& 1 ) & 1JA]
; dx M2 .
LV
C T 1 - m ' dx A dx
J





-" dx v k y P dx C dx
P
The computation program referred to in the text involves a sequence
of small step changes. Ax, taken along the nozzle, at each point of which
calculations based on the above equations are made. Changes in (y ) are
based on the nucleation and drop growth equations.
The problem incurred in passing through the throat when moisture is
forming (-=--- ^ 0) is apparent when M * 1 in equation C (l) above.
More complete testing and comparison of theoretical predictions will
follow in a later publication.
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APPENDIX C. CALCULATION TABLE- - INTERFEROMETER DATA
T = -9.5°F
o
P = 69.'3 psig 'tl psi


















-1 = (.3673 x 1C
~2
)(.763) = 280.2 X 10-5










17 .630 .46 1.035 279.2 .996 .268 .995
21 .810 1.45 3.26 276.9 .988 .345 .984
23 .920 2.50 5.62 274.6 .980 .392 .97^
25 1.040 3.82 8.59 271.6 .965 .442 .954
26 1.180 6.8 15.3 264.9 .945 .502 .928
25 1.300 11.1 25.0 254.2 .907 .552 .878
24 1.350 13.5 30.4 249.8 .880 .574 .844
17 1.550 26.2 58.9 221.3 .789 .659 .730
9 1.730 39.2 88.2 192.0 .685 •735 .604
7 1.820 43.8 98.6 181.6 .648 •77^ .562
5 2.180 56.O 126.0 154.2 .550 .918 .452
6 2.510 64.4 145.0 135.2 .482 I.O67 •379
7 2.805 71.8 161.8 118.4 .421 1.192 .316
8 3.030 77.1 173.6 106.6 .380 1.289 .276
9 3.315 84.1 189.3 90.9 .324 i.4io .224
10 3.510 88.6 199.5 80.7 .288 1.492 .191
11 3.630 91.0 204.8 75.4 .269 1.545 .174
12 3.765 94.0 211.5 68.7 .245 1.602 .154
13 3.900 96.7 217.7 62.5 .223 1.660 .136
15 4.120 101.0 226.3 53.9 .192 1.753 .111
17 4.310 104.2 234.6 45.6 .163 1.833 .090
19 4.460 106.5 239.8 40.4 .144 1.899 .076
21 4.610 108.7 244.5 35.7 .127 1.960 .0644
23 4.740 110.4 248.6 31.6 .113 2.018 .0550
25 4.860 111.7 251.3 28.9 .103 2.067 .0486
29 5.09 114.2 257.2 23.0 .0785 2.165 .0340
33 5.30 116.1 261.5 I8.7 .0667 2.253 .0273
42 5.72 119.0 267.8 12.4 .0442 2.453 .0162
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APFENDIX D . SUPERSATURATION RATIOS
Curve 1 T = -50.6°F
o
P/P* =










= (A23) 3" 35 = .8065
T = .8065(^09.0) = 330. 0°R (-129. 6°)
at -129. 6°F, P =5.20 psia
P/P - (122.2) (.790) _. o lh/ oo " (5.20)(2.05) " 9 '
14
Curve 3
P/P^ = .710 P^. = 122.3 "Hg.
p/p = .380 t/t = .785
T = .785(^15) = 326°R (-134°F)
at -13^°F, P = 4.05 psia
p/p - (122.3) (.710) .. in „p/p
oo " (U.05)(2.03) " 10,55
Curve k
P/P^ = .680 P/P = .363




p/p (118A) (.680) _ ^i P
oo
=
(3-M (2.03) " 11,63
Curve 5








= .762 T = .762(1*15) = 3l6°R (-1WF)
at -l¥*°F, P = 2.6 psia
SQ/G
P/P - (122.1*) (.630) -ni.




Curve 7 T = -35°1
o












P/P _ (81.6) (.460) _ 6 gF
od ~ (1.10)(2.03) " lb ' ti
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APPENDIX E . ESTIMATION OF EXPERIMENTAL ERROR
TEMPERATURE MEASUREMENTS
Estimated error (difference between measured and actual temperature) on
temperature readings except where otherwise noted is +0.5°, -2.5°F. This was
determined after the following measurements and observations.
1. Temperature of various portions of the ice bath of the reference
junction were found to vary by as much as +2°F from the freezing point,
32.2°F, despite its containment in an insulated thermos.
2. A calibration of the potentiometer (Wheat stone bridge type) used for
measurements, compared exactly with those readings of the standard copper-
constantan conversion tables at each end (j52°F and 212°F) of the calibra-
tion and showed a maximum variation of +1.0°F between.
J. The time constant of the thermocouple was measured with the aid of
a Sanborn Recorder capable of recording a 50 cps signal with no distor-
tion. Subjecting the thermocouple to various changes of temperature, it
was found that for still water t = .15 sec, for still air, x = l.k sec,
and for response to the variation of human breath, x = .6 sec. The
measured time constant of the potentiometer was .9 sec -.2 sec.
Based on these observations, a reference temperature of 32.2°F was
assumed for all measurements and the variation in ice bath temperature
allowed for in the estimated larger possible negative error.
Assuming a linear temperature transient over a 30 second period, a
variation from 80°F to -50°F would result in a rate change of -^.33°F/sec.
Hencej, for the non- condensing curves, this effect alone could contribute an
error of about 5°Fj in the thermocouple (x= .6) and potentiometer circuit
(x = .9 sec). Hence, in the non- condensing curves, an error of +4.5°F,
-2.5°F is estimated. In measurements involving condensation, care was taken
to let temperature readings reach a relatively constant level before data




Pressure readings taken by the mercury manometer board are estimated
accurate within +.1 "Hg. Since the lowest pressures recorded on these curves
range around 8 "Hg., this would amount to ±1.25$ error in the pressure ratios
near station 18 on the charts.
In the region of condensation (station 10) pressure levels range near
80 "Hg. Hence error in pressure ratios in this region is estimated at ±.125$,
two orders of magnitude less than the pressure variation caused by condensa-
tion at this point.
Error has been introduced into the values of stagnation pressure wherever
they have not been directly measured by the manometer board owing to the high
pressure level. General observations of the behavior of the pressure ratio
at the throat have shown that although its value remained remarkably close to
•555 for all pressure levels, it had a slight tendency to decrease with
increasing pressure. Based on these observations (and others with air, where
average P/P measured .523 and the same tendence was noted) it is estimated
that the pressure ratio at the throat could have been lowered to a minimum
value of .525 at the highest pressure levels. Hence, calculated stagnation
pressures are estimated to have an error of +1$, -2$. For curve 1, this
would amount to a variation of k.2 "Hg., or 2 psi, which is greater than
the estimated error in the pressure gauge used on the stagnation tank. How-
ever, any reduction in the estimated -2$ maximum error in calculated stagna-
tion pressures would be purely arbitrary.
In the calculation of experimental supersaturation ratios, the effects
of the uncertainty in measurements may be seen by recalculating that value




T = -50.6°F + 2.5°F = -J+8.1°F
o
P/P = .790 P = 122.2
t
P/P^ = (.790)(.525) = .415
o
2%L
T/T = (.1H5) 1 ' 55 = .8028 T = (.8028) (411.5) = 330.5
P
+
= 5.35 Psia P/P = (Mjl = 8.86
sat •" * 'od (5.35) (2.03) =====
This compares with the value of 9.l4 obtained under the measured conditions.
It is seen that the uncertainty in stagnation pressure is much less important
than the uncertainty in temperature. Also, the accuracy of P for a given
T is important.
Any calculation involving the ratio of specific heats, k, involves some
error due to the fact that this factor is of non-constant value during the
expansion. By Keenan and Kaye's Gas Tables k = I.298 at 40°F, 1.331 at
-60°F, and I.369 at -l60°F. For this reason an average value of k = 1.33
has been applied to determination of temperature ratios and supersaturation
ratios. This same use of k for all x in the conversion of interferogram
density ratios to pressure ratios has contributed some small error to the
larger experimental error previously noted.
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C^O (Ethyl Al.) 173 °F
CH^O (Methyl Al.) 482 BTU/lbm .295 BTU/lbm °F 1.63 x 105 152 °F
H
2
840 BTU/lbm .445 BTU/lbm °F 1.89 x 105 212 °F







l4o.l5 BTU/lbm .140 BTU/lbm °F 1.01 x 10* 48 °F
MH_ (Ammonia) 589-4 BTU/lbm .523 BTU/lbm °F 1.12 x 105 -28 °F
BC1, i Boron Chloride)
5
68.8 BTU/lbm .127 BTU/lbm °F 5.4 x 102 54.5 °F
Butene-l 168 BTU/lbm .382 BTU/lbm °F 4.4 x 10
2
20.7 °F




£ 247 BTU/lbm .198 BTU/lbm °F 1.24 x 10
5
-109.3 °F
Freon-22 100 BTU/lbm .152 BTU/lbm °F 6.6 x 102 -41 °F
Difluoroethylene 276 BTU/lbm .224 BTU/lbm °F 1.23 x 105 -117 °F
Dimethylamine 252 BTU/lbm .374 BTU/lbm °F 6.74 x 10 44.4 °F
Ethyl Chloride 164 BTU/lbm .244 BTU/lbm °F 6.74 x 102 54.3 °F
Ethylene Oxide 250 BTU/lbm .268 BTU/lbm °F 9.31 x 10
2
51.3 °F
Isobutane 158 BTU/lbm .355 BTU/lbm °F 4.46 x 10
2
10.9 °F
Methyl Acetylene 234 BTU/lbm •357 BTU/lbm °F 6.55 x 10
2
-9.6 °F
Monethylamine 260 BTU/lbm .330 BTU/lbm °F 7.87 x 10
2
61.8 °F
Monmethylamine 358 BTU/lbm .320 BTU/lbm °F 1.12 x 105 20.6 °F
so
2 171 BTU/lbm .117 BTU/lbm °F 1.45 x 10
5 14 °F
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